A sixteen-run, Resolution IV, fractional factorial screening design has been used to evaluate the relative significance of seven independent material and process variables for an electrically deposited commercial acrylic paint. A Resolution IV design was chosen so that variable interactions could be detected without any interference from the effects of the variables themselves. Because resource limitations did not permit use of a Resolution V design, the two-way interactions were confounded with one another in groups of three, which unfortunately made interpretation of the results more complicated. Each design point was replicated once and a pair of centerpoints were run at the beginning, in the middle and at the end of the design points. A total of 38 test panels were prepared. Independent variables used in this experiment were total charge, current density, mixer speed, silica content, crossover point, temperature and solids fraction.
The magnitude of each independent variable's effect on the dependent response variables was estimated by fitting a first-order model with two-way interaction terms. Three-way interactions were assumed to be insignificant. Interaction confounding was eliminated by using the significance of the independent variables to determine which of the three possible interactions was significant. Data analysis was performed using the Bayes Plot option of the JMP statistics program from SAS Institute. Only effects with a posterior probability equal to or greater than 0.95 were considered to be significant. Response variables analyzed were weight deposited, film thickness, surface roughness and plating efficiency. Results of the analysis are summarized in Table 1 .
The following conclusions were formulated from the analysis of this experiment: l Centerpoint behavior brings shelf-stability of the aqueous paint baths into question. The magnitudes of some interaction effects equal or exceed the magnitudes of some of the effects of the independent variables. l Silica is detrimental to surface smoothness, interacts strongly with other variables, is hard to keep suspended in aqueous baths, and should be replaced with a liquid rheology control agent. Thermal Mechanical Analysis (TMA) of a printed wiring board (PWB) provides information about laminate performance during temperature changes. This information is useful to predict problems that may occur during component soldering as the PWB laminate is subjected to temperatures of 500°F or more. The information can also predict problems that may occur during normal environmental temperature cycling while the PWB assembly is in stockpile or in use. Typical environmental temperature cycles may range from -65°C to +125"C, and while mild compared to the initial soldering temperatures, repetitive temperature cycling in this range will eventually fatigue the copper plating and solder joints. Cracks in the copper plating and solder joints decrease the electrical reliability.
TMA yields the thermal expansion characteristics of the PWB substrate, glass transition temperature (T,) of the polymer resins, and delamination resistance of the laminate at elevated temperatures such as occur during soldering operations. Taken as a whole, these parameters are useful in characterizing new laminate systems and comparing them to PWB laminate materials already in WR applications.
TMA was used to evaluate a new composite PWB assembly of BT Epoxy/glass and Duroid and the results were compared to type GF and type GI laminated PWBs already in WR applications. While thermal expansion and glass transition data is within typical bounds, test results indicated that several test specimens were prone to delaminations above 25O"C, or within the soldering temperature range. It was recommended that a review of the PWB lamination process be conducted, specifically focusing on prepreg drying, inner layer bakeout, cure cycle and copper foil oxide surface treatments. Sandia has an experimental/analytical program to study issues related to the strength and fatigue life of composite-to-steel tubular joints of the type found in wind turbine blades. In these blades, the composite airfoil is epoxy bonded to a metallic hub. Failure of these bonded joints appears to initiate at the epoxy/metal hub interface. In this presentation, we will describe an experimental study in which generic, tubular, composite-to-steel joints are subjected to tension and compression loading in both single-cycle and cyclic fatigue tests. Specimens with non-tapered and tapered steel adherends are used to assess the effects of peel stresses on the strength and lifetime durability of bonded joints. Compressive and tensile axial loads of the same magnitude produce stresses in the epoxy bonding material with very similar magnitudes but opposite signs. (For the joints considered, tensile loads produce compressive peel stresses in the adhesive at the location where debonding initiates.) The tensile specimens failed at much higher loads, establishing that the sign of the adhesive peel stresses are also critical for fatigue loading. Results of low-cycle, axial fatigue tests are presented. In addition, test results are complemented with finite element analyses that demonstrate the localized nature of the peel stresses that develop at the failure initiation site. In a joint effort with Boeing North America, Sandia has been tasked to develop highperformance satellite hardware. As materials consultants for the assembly of high-density circuits, we have been selecting/evaluating adhesives and developing processes in are? of die attachment, underfill technology and the stacking of ceramic chip carrier-0 This presentation will discuss the material choices and processes required in building these complex electronic assemblies. The use of flexible polymeric microspheres to increase the volumetric compliance of Halthane adhesives and potting compounds was investigated. Low-pressure compressibility measurements were used to examine the response of both Halthane 73-18 and 88-3 polyurethanes having a range of filler concentrations. The relative increase in compressibility of the two urethanes loaded to similar filler concentrations was found to be significantly different. This difference was attributed to the dissimilar shear moduli of the base polymers. The volume strain require to achieve full compaction was confirmed to be simply related to the volume fraction of microspheres. Once compressed to these high levels, the materials exhibited a time-dependent compression "set" that took days to partially recover at ambient conditions. However, below these compression levels, the filled materials appeared to behave elastically. The shear strengths of Halthane 73-18 filled with 32 vol.% microspheres and bonded to several materials were found to be better than the strengths of bonds made using solid APC-.Z!,$ silicme. Measured shear moduli and coefficients of thermal expansion, as well as microscopic examination of tensile fracture surfaces all indicated that the microspheres adhered well to the Halthane 73-18 matrix. However, it may be desirable in some applications to treat the surface of the microspheres to eliminate this bond. Removable encapsulants that can be easily and selectively removed to repair, replace, and upgrade components for weapon stockpile life extension have long been desired in the DOE weapons complex. We are developing removable encapsulants based on Diels-Alder reversible chemistry that are stable at normal operating conditions but dissolve in n-butanol at 90°C to allow for depotting of repairable components. MC4081-2 dlock circuits were encapsulated in removable epoxy syntactic foam, thermally cycled, and depotted with electrical testing performed before and after potting, during thermal cycling, and after depotting. The encapsulation experiments were done to determine if application of the removable syntactic foam, thermal cycling, and encapsulant removal damages or causes malfunctioning of the clock circuits. MC4081-2 clocks were chosen for these experiments because they have proven to be troublesome when potted and thermally cycled with other conventional encapsulants. Results of the encapsulation experiments including processing, thermal cycling conditions and electrical testing results will be presented. The chemical mechanism employed in the removable epoxy encapsulant will be discussed Intitial results of an accelerated aging study on the removable epoxy syntactic foam will also be discussed. The ability of weapons component assemblies to survive environmental conditions such as shock, vibration and thermal cycling is often dependent on the appropriate use of polymeric encapsulating materials. Encapsulants also provide electrical components high voltage protection and isolation. These systems are designed specifically to meet the needs of the component and include consideration of component lifetime, operating conditions, shock and thermal exposure.
. The encapsulation process for theMC43@R,neutron gene--a "dual pour" encapsulation process. Two different encapsulants are-pm in series while in a liquid state. The first encapsulant is an alumina filled Epon 828 epoxy, aromatic amine cured, and is intended to stand off high voltage in the power supply and transmit shock from the timer driver to the ferroelectric ceramic power supply. The second encapsulant, a rubber modified epoxy, filled with high compressive strength glass microballoons (GMB) and amine cured, is intended to provide high voltage stand off and shock mitigating properties to the tube.
Historically, the encapsulating process consisted of a gravity fill at atmospheric pressure for the alumina-filled epoxy around the power supply, and a vacuum pour of the GMB epoxy through the top sprue of the neutron generator mold. The MC4368 neutron generator utilized this type of pour process in the development stages. Voids in the GMB encapsulant proved to be a continuous problem, resulting in high voltage breakdown (HVB) failures.
Model Accreditation Via Experimental Sciences for Nuclear Weapons (MAVEN) funded the development of flow visualization equipment and studies to analyze the flow properties of filled polymer systems. The neutron generator production process is a mission critical Sandia program, and flow visualization was utilized to try and understand void entrapment in the MC4368.
Production neutron generator molds were modified to enable flow visualization during the "dual pour" process. Flow visualization demonstrated that the "top pour" process was responsible for void entrapment around the neutron tube. The epoxy effectively blocked trapped air release. Sandia process engineers developed a "new" side pour process where the GMB epoxy is injected through the alumina epoxy side pour sprue. Large voids within the cured encapsulant and surface voids on the finished parts have been eliminated resulting in fewer scrapped parts and reduced re-work costs.
An overview of the MC4368 neutron generator flow visualization techniques, flow visualization of the MC4368, and the resultant "new" side pour process, including a short video of the encapsulation process along with still images captured from the video, will be presented. Versatile and easily processed replacements are needed for EN-7, a polyurethane potting elastomer containing undesirable levels of OSHA regulated TDI (toluene diisocyanate). A simple formulation approach to such materials has been investigated which avoids the need for prepolymer synthesis and which provides a family of products suitable for different performance and processing requirements. Various commercial liquid diisocyanates were mixed with appropriate levels of polybutadiene diol plus low molecular weight polyol crosslinkers and ferric acac. Most formulations used the EN-7 Part B cross-linker which provides a convenient premix of catalyst and polyols. The low viscosity mixed formulations are simply degassed, poured and cured. Pot-lives and general processability have been as good or better than EN-7.
Several formulations gave good performance profiles with both electrical and mechanical performance similar to EN-7. One, DK-502, is recommended as a replacement material. Formulation details and test data will be provided. Establishing a "WR Qualification" Test Matrix for Rigid Polyurethane Foams
LeRoy Whinnery and Steve Goods, Sandia National Laboratories, Liver-more, CA Over the past several years, we have developed a replacement foam (RE-CRETE) for TDI containing rigid, water-blown polyurethane foams. Our replacement foam has been formulated to match the processing (e.g., rise time, gel time and maximum temperature) and mechanical properties (e.g., collapse stress and modulus) of the TDI containing foams. In addition, RE-CRETE uses a polyether polyol, instead of a polyester polyol, for increased hydrolytic stability. Also, its formulation uses a non-migratory catalyst that should help minimize volatiles. __JjrJortmre is no standard methodology or series of tests established to a& new material to be approved for use in a weapon system. The only actual requirements are to write a quality acceptance specification and to obtain a specification number from ASFM&T. After meeting these criteria, the material can be used in a weapon. There are, in fact no additional requirements to either document the performance characteristics of the materials or even to show that it will do no harm to the remainder of the system (outgassing, , for example).
Our proposed test matrix involves the characterization of both zero-aged foams and laboratory-aged foams. Zero-aged testing focussed on mechanical properties (compression, tension, impact, rate and temperature effects), but will also include electrical properties (dielectric constant and volume resistivity). Laboratory aging will again be focussed on mechanical properties (compression, tension, impact). This data, however, will be correlated to DMA/TMA (T,) measurements. Such measurements are often used as an indication of aging induced changes, but cannot be specifically correlated to mechanical performance. Favorable results have been obtained from preliminary outgassing studies of RE-CRETE foams.
The Effects of Thixotropic Nucleating Agents on Polyurethane Foam Encapsulants
David Irvin, LeRoy Whinnery, and Steve Goods, Sandia National Laboratory, Livermore, CA Sandia has long used polyurethane and other foam encapsulants for a wide range of functions including vibration and shock dampening, space filling, and obscurant barrier. The stability and reliability of these foams is an issue of the utmost importance. With the microcapacitive discharge unit (CDU) and other high voltage components shrinking in scale there is increased concern over high voltage breakdown. Currently, glass microballoon (GMB) filled epoxy is used in high voltage applications. Polyurethane foams have a few advantages over the GMB filled epoxy: lower density, more easily processed, and lower heat transfer. The disadvantage of polyurethane foams is comparatively large cell size.
Working under the assumption that lower average cell size and the smallest maximum cell size leads to an increased voltage breakdown strength. Our approach to increasing the high voltage breakdown (HVB) strength of polyurethane foams is to decrease the cell size to preferably -100 pm. We have examined chemical parameters to reduce average cell size including catalysts and surfactants. The purpose of changing the catalyst is to increase the viscosity before and during gas generation to decrease cell coalescence. Surfactants were used to tune surface energy of the forming cells. An additional approach to decrease the cell size was to induce the formation of a greater number of cells by the incorporation of nucleating agents. We have also varied processing parameter such as mixing speed and type of mix head to improve the cell size. A method for the rapid quantification of cell size and distribution was developed to aid in our research.
In conclusion, with improvements in mixing, we are able to produce uniform foams. We found that the chemical influences were small, but still had a significant effect on the cell size and distribution. We also found that nucleating agents had a much smaller effect on the cell size than processing, catalysts or surfactants, and significantly decreased the mechanical strength of the foams.
Polymer Production Facility Capabilities Update
Tricia Wilson, AlliedSignal Federal Manufacturing & Technologies* Kansas City, Missouri
The Kansas City Plant's Polymer Production Facility has historically both synthesized and manufactured specialty polymeric materials for use within the Weapons Complex. Process enhancements are an important part of the manufacturing process. This traditional work continues along with other innovative processes. One such innovative process involves the,scovery of R-12, a chlorflurocarbon, from a highly viscous hydrocarbon resin. The seperation process was a technical challenge due to the unique nature of the material. The success of this process recovered over 30,000 pounds of R-12 and netted the customer $lSOK
The objective of this investigation is to predict the long-term stress relaxation in foams in which the continuous phase is polysiloxane polymer reinforced with solid fillers. Obtaining high accuracy, reproducible mechanical test data in these systems presents special challenges that will be described. Rusch' showed in the late sixties that the response of several flexible polymeric foam materials undergoing compression can be described by the product of an elastic modulus and an empirically determined strain function. The foams are highly nonlinear under compression and a method is developed to estimate the linear compressive modulus. Meinecke and Clark* later reported that the stress relaxation behavior of many flexible foams is well described by a time and temperature-dependent relaxation modulus and a strain dependent shift factor. Instrument artifacts limit the duration of the relaxation experiments to less than 100 seconds. In this paper, concepts from both of these works are used to develop a constitutive model for a commercially available silica-filled PDMS foam. This constitutive equation combines the elastic moduli and short duration (10 second) stress relaxation of the material to predict long-term stress relaxation in these foams. Model predictions are compared to data collected in a 2 year independent study. Physical relaxation is shown to result in significant changes in compressive stress but may not control the stress decay over long times. Crosslinked poly(dimethylsiloxane) (PDMS) elastomeric foams are used to manufacture silicone cushions for NWC applications. On a time scale of several years, the load retention properties of these materials decrease with time. The physical phenomena that give rise to this decrease in load retention properties are not well understood.
Recent Silicone Cushion Analysis Results
Crosslink density as a function of part age is assumed to be an important parameter in understanding time dependent load retention behavior. Solvent swell is the method of choice for studying crosslink density, but is difficult to apply to foamed elastomers for two reasons. First, solvent swell measurements yield artificially high gravimetric data due to entrapment of swelling solvent in the foam cells. Second, the fumed silica reinforcing filler in the product hydrogen bonds at various sites along the PDMS chain, artificially increasing the apparent crosslink density.
A solvent swell technique is being developed to obviate both of these complications. The method is a modification of a literature method that was applied to full density reinforced PDMS elastomers.' The procedure involves swelling the samples over toluene in a room temperature desiccator, then placing beakers containing concentrated ammonium hydroxide in the desiccator. Ammonia evaporates into the desiccator headspace and diffuses into the polymer to effect breakage of the hydrogen bonds. This presentation will describe the technique and present results generated using it.
Desorption Kinetics of H,O @@HZ, CO, and CO2 from Silica Reinforc!e$Polysiloxane L. N. Dinh, M. Balooch, Chemistry and Materials Science Directorate Lawrence Liver-more National Laboratory, Liver-more, CA
We performed temperature programmed desorption up to 500K on silica-reinforced polysiloxane in both solid and foamed forms (M9787 and M9750 respectively). Our data show that H,O was the dominant desorbing species in both forrns of silicone (on the order of 100 pg of water per gram of polymer), which are expected to be very hydrophilic when dehydrated. Detailed studies of the TPD spectra of H,O from the silicones and from the fumed silica fillers suggest that H,O molecules preferentially adsorbed on the surface of silica particles contained in the silicones with activation energies of desorption of 15 rt 3 kcal/mol and 50 Z!I 10 kcal/mol. There was-strong evidence of H2 desorption below 400 K from the silicones. The equivalent concentration of H,in the silicones was 0.44 pg of H,per gram of silicone. Other species desorbing from the silicones were CO, and CO, with concentrations on the order of 2.5 pg, and 1.6 pg per gram of silicone and activation energies of desorption of 10 f 2 kcal/mol and 9.5 I!I 1.5 kcal/mol, respectively. Samples based on vinyl-capped poly(dimethylsiloxane) mixed with tetrakis(dimethylsiloxy) silane in the presence of a platinum catalyst to form a cross-linked poly(dimethylsiloxane) (PDMS) were used to study the self-adhesion hysteresis. A contact mechanics method -JKR method using two hemispheres -was deployed to measure the degree of hysteresis. Silicone networks were examined as synthesized, extracted with toluene and/or reacted with ethylene. No hysteresis (loading and unloading) is observed with as synthesized PDMS that has been post-cured. However, hysteresis is always observed after toluene extraction. Factors effecting the degree of hysteresis were examined from surface texture changes, free hydride, and the effects of processing.
Self-adhesion hysteresis has been observed for a number of treated PDMS hemispheres. The presence of Si-H groups is not required for hysteresis. Therefore, it is likely that hysteresis is due to the presence of tethered chains that entangle prior to unloading.
Gamma Radiation Damage of Cellular Silicones
Allen Chien, Bryan Balazs, David Chambers, Robert Maxwell, and James Le May, Lawrence Liver-more National Laboratory, Liverrnore, CA 94551
The effects of gamma radiation on the crosslink density of M97-series silica-reinforced silicone materials were investigated by solvent swelling. A two-step immersion swelling process was developed to measure crosslink density and isolate the contributions between the matrix polymer and the hydrogen bonded polymer/filler interface. Toluene is initially used to swell the polydimethylsiloxane (PDMS) polymer matrix,; ammonium hydroxide is then added to break the hydrogen bonding at the polymer/filler interface. Swelling results show that for both solid and foam samples, the overall molecular weight between crosslinks (MW,) initially increases (O-10 Mrad), indicating that the material becomes softer. At higher doses (<lOMrads), the material becomes gradually stiffer as shown by the decrease in MIW,. Our results also show that the initial softening is. mostly due to a reduction of hydrogen bonding at the polymer/filler interface rather than bond scissioning within the matrix polymer. Lot-tolot variations will also be discussed.
The environment in which the irradiation was performed shows a strong effect on the crosslink density of the polymer matrix. Samples irradiated in 1 mtorr of air vs. 1 atmosphere of air showed increased stiffness at lower doses. Gas chromatography/mass spectrometry (GCNS) analysis of the volatile species produced in different environments as a result of irradiation shows high levels of toluene, benzene, and other degradation products are being created. NMR investigations of T, spin-spin relaxation time vs. dose corroborates the swelling results, which shows an initial softening; followed by a gradual stiffening of the polymer composite.
NMR Characterization of Motional Properties of Siloxane
Based Stress Cushions Robert S. Maxwell, Bryan Balazs, Allen Chien, James LeMay (LLNL)
There is a fundamental need to develop and employ spectroscopic methods to investigate the structural and motional changes that occur in organic materials as a result of aging in chemically, thermally, or radioactively harsh environments. Solid state NMR methods have demonstrated great ability to understand complex structural and motional processes occurring in a wide range of organic and inorganic polymeric systems. We have applied Nuclear Magnetic Resonance (NMR) methods to gain insight into the processes that are contributing to mechanical property changes as a consequence of aging in silica filled silicone cushions. The studies so far have concentrated on (A) Magic Angle Spinning (MAS) measurements of chemical speciation and (B) relaxation measurements to gain insight into molecular motional properties of the polymers.
The PDMS based polymers studied have three conveniently NMR observable nuclei: 13C, 2gSi, and 'H. NMR spectra of all three nuclei-are potentially information rich and can provide detailed, quantitative chemical speciation from measurements of chemical shifts. In fact, MAS NMR spectra for virgin, stockpile return, and --irmdiated samples reveal resonances that can be assigned to all but the vinyl species preseht?n these materials; however, the MAS results presented failed to detect any speciation changes occurring via degradation mechanisms identified by GCMS studies.
In an effort to indirectly detect chemical changes via their effect on the molecular motional dynamics we have performed 'H T,, T,, T, _ and29Si T, measurements under both static and MAS conditions and at 7T and 11.4T on a series of --irradiated, filled silicone stress cushions. 'H T, measurements showed no difference, within experimental error, between virgin and irradiated samples at room temperature. However, as the temperature was increased, small differences were observed, suggesting that the energy of activation for rapid motional processes may be changing upon irradiation. 'H T, measurements showed an initial increase in T, upon irradiation up to -5Mrad followed by a rapid decrease at higher doses. 'H T,-relaxation times showed an initial small increase upon irradiation at 0.5Mrad followed by a gradual decrease as irradiation is increased to SOMrad. 2gSi CP/MAS spectra are characterized by resonances broader than their MAS equivalents with additional broad resoanances attributable to the silica filler, the sections of the PDMS chains directly hydrogen bonded to the silica filler, and the PDMS chains sections near hydrogen bonded sections. 2gSi T, relaxation times for virgin and stockpile return samples were found to differ by an order of-magnitude when measured by pulse-sequences employing CP preparation of the 2gSi spins.
Our preliminary results suggest that the measurement of relaxation times show great promise in characterizing the structural and dynamic processes that are changing upon irradiation, oxidation, mechanical stress, and/or time. The results reported here support conclusions from toluene and toluene/ammonia swelling experiments that suggest that irradiation initially causes a decrease in the interaction between the polymer network and the silica filler followed by gradual increases in the cross-link density in the polymer network. It is suggested that 'H T, measurements can be calibrated (empirically and by correlation to molecular dynamics computational studies) to cross-link density and offer a non-destructive spectroscopic diagnostic tool for addressing aging related changes in silicone mechanical properties. Further development of CP methods are suggested for investigation of changes occurring at the polymer/filler interface. As part of a pollution prevention program, a study was conducted at Sandia National Laboratories and at the Amarillo, "Pantex Plant" to identify a suitable replacement solvent(s) for cleaning hardware during routine maintenance operations. Current cleaning is performed with solvents (e.g., acetone, toluene, MEK, isopropyl alcohol) that are classified as Resource Conservation and Recovery Act (RCRA) materials. The Environmental Protection Agency (EPA) has assigned four characteristics as the criteria for determining whether a material is identified as hazardous under RCRA: ignitability, corrosivity, reactivity and toxicity. Within the DOE and DOD sector, these solvents are used with hand wipes to clean surfaces prior to O-ring replacement, to remove decals for new labeling, to clean painted surfaces prior to reconditioning, and for other general maintenance purposes. In some cases, low-level radioactive contamination, during cleaning necessitates that the RCRA solvent-containing wipes be classified as mixed waste. Mixed waste is generally very expensive and/or virtually impossible to dispose of. To avoid using RCRA materials, cleaning candidates were sought that have a flashpoint greater than 140"F, a pH between 2.5 and 12.5, and do not fail the reactivity and toxicity criteria. Three brominated cleaners, two hydrofluoroether azeotropes and two aliphatic hydrocarbon cleaner formulations were studied as potential replacements. Cleaning efficacy, materials compatibility of organic materials, compatibility with explosive materials, cure inhibition tests of adhesives and potting compounds, non-volatile residue studies of cleaner formulations, corrosion of metal alloys, accelerated aging studies and ES&H issues were conducted and used to screen potential candidates. Hypersolve NPB (an n-propyl bromide-based formulation) consistently ranked high in removing typical contaminants for weapons applications. The results of the study are presented.
